Objectives: Post-hepatectomy liver failure has a major impact on patient outcome. This study aims to explore the impact of the integration of a novel patient-centred evaluation, the LiMAx algorithm, on perioperative patient outcome after hepatectomy. Conclusions: Postoperative liver failure and postoperative liver failure-related mortality decreased in patients undergoing hepatectomy following the implementation of the LiMAx algorithm.
Introduction
Improvements in rates of operative mortality after hepatic tumour resection have broadened its use in the treatment of patients with benign and malignant hepatobiliary disease. 1, 2 Extended resection has evolved as a suitable approach to ensure complete tumour clearance in selected patients. Previous large series have reported improved survival rates compared with non-surgical strategies. [3] [4] [5] [6] [7] [8] As a result, radical approaches in non-cirrhotic livers resulting in smaller remnant volumes have become more commonplace. 9 In patients with normal hepatic function, remnant volume of 25% can be sufficient to avoid postoperative hepatic failure. 10 However, preoperative liver function and intraoperative variables also have significant influence on patient outcomes and therefore must be considered.
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In patients with impaired hepatic function, there is no consensus on what constitutes a safe residual liver volume following hepatic resection. 12, 13 Several methods have been proposed to assess remnant liver function. [14] [15] [16] [17] [18] However, no preoperative approach has been widely accepted and pre-existing hepatic dysfunction remains a major concern when considering patients for hepatic resection. Selection criteria that accurately identify patients in whom a surgical intervention can be safely performed are required. LiMAx (maximum liver function capacity) has recently been proposed as a novel 13 C-liver function breath test for the preoperative assessment of actual liver function before hepatectomy and the prediction of patient outcome after surgery. 19 LiMAx has been shown to be unaffected by age, gender or obesity and has been demonstrated to accurately and reliably assess liver function in both healthy subjects and patients with cirrhosis. [20] [21] [22] Based on these findings, the authors have proposed a patient-centred preoperative evaluation for the risk stratification (LiMAx algorithm) of patients prior to liver surgery ( Fig. 1 ). 
HPB
Although the prognostic ability of LiMAx has already been shown in prospective cohort studies, the aim of this study was to investigate the effects on patient selection and outcome of the introduction of the LiMAx algorithm.
Materials and methods
A retrospective analysis of all patients undergoing elective hepatectomy at the Department for General, Visceral and Transplantation Surgery, Charit e -Universit€ atsmedizin Berlin between 1 January 2006 and 31 December 2011 was performed. This period was chosen because it centres around the introduction of the LiMAx algorithm in preoperative work-up in 2008 and 2009. Exclusion criteria prevented the inclusion of patients undergoing small wedge resections, additional major extrahepatic procedures, emergency surgery and associated liver partition with portal vein ligation for staged hepatectomy. The institutional ethics committee waived requirements for informed consent because the study was of a retrospective design.
Cases were retrieved from the hospital's medical controlling office. Perioperative and patient variables extracted from the hospital's information system were evaluated. Effects associated with the integration of the LiMAx algorithm on the clinical management and outcome of patients undergoing hepatectomy were studied. Variables analysed included age, gender, American Society of Anesthesiologists (ASA) score, main diagnoses, frequency of portal vein embolization and preoperative biliary drainage, type of hepatic resection and postoperative variables including Acute Physiology and Chronic Health Evaluation (APACHE) II score after postoperative admission to the intensive care unit (ICU), post-hepatectomy liver failure (PHLF), number of postoperative days in the ICU, postoperative hospital length of stay (LoS) and mortality including cause. Posthepatectomy liver failure was defined according to the consensus definition of the International Study Group of Liver Surgery (ISGLS) based on international normalized ratio (INR) and serum bilirubin on or after postoperative day 5. 24 Patients were divided into four groups for the analysis of perioperative variables according to whether they had undergone a segmental resection, left hepatectomy, right hepatectomy or complex hepatectomy. Data for patients submitted to segmental resection, left lobectomy and resections of other segments in different combinations were combined for analysis within the 'segmental resection' group. Extended right hepatectomies and resections with concomitant biliary and/or vascular reconstruction were classified under 'complex hepatectomies'.
The LiMAx algorithm for patient evaluation before hepatectomy has been described previously. 23 Lack of data precluded the stratification of patients according to whether or not the LiMAx algorithm had been used. However 
Statistical analysis
Categorical data are presented as frequencies and percentages, and numerical data are expressed as medians and interquartile Table 1 . The proportion of patients undergoing laparoscopic resection during the study period was 0.9% (n = 11). Perioperative variables for individual years are summarized in Table 2 . The number of procedures (P < 0.001) and the proportion of complex hepatectomies (P = 0.034) increased significantly. The use of preoperative procedures such as portal vein embolization to enhance future remnant liver volume and liver function increased (P < 0.001). In addition, the proportion of patients with liver cirrhosis undergoing surgery increased (P = 0.039), whereas disease severity in those patients as indicated by Model for End-stage Liver Disease (MELD) scores remained stable (P = 0.747).
Further changes were analysed by stratifying patients into four groups based on the extent of resection (Table 3) . Over the study period there was a progressive trend towards reduced rates of PHLF in all groups. In particular, the proportion of complex hepatectomies increased (P = 0.034), and rates of PHLF and postoperative liver failure-related mortality declined (P = 0.001 and P = 0.023, respectively). No significant trends could be detected with respect to APACHE II score at postoperative ICU admission, length of ICU stay or median postoperative hospital LoS in any of the groups.
Effects in the matched patient cohort
Of the 369 patients who underwent hepatic resection in 2006 and 2007 and the 399 patients who underwent hepatic resection during 2010 and 2011, 313 pairs were matched. After propensity score matching, analysis yielded results similar to those observed in all patients, with reduced rates of PHLF and reduced postoperative mortality caused by liver failure (Table 4) .
Discussion
Over the 6-year study period, despite an increase in the frequency at which complex hepatectomies were performed, reductions in the rates of PHLF and postoperative liver failure-related mortality were observed. The analysis of data for the propensity score-matched cohort suggests the integration of the LiMAx algorithm may have been a major factor contributing to the improved outcomes.
The preoperative identification of candidates in whom liver surgery will be safe remains difficult, particularly in patients with pre-existing hepatic dysfunction. 25 As the present authors have previously suggested, the accurate preoperative planning of the intervention using LiMAx, a 13 C-based test for the determination of maximal liver function capacity, along with The current study shows that complex hepatectomies involving biliary or vascular reconstruction were performed increasingly over the study period. Despite more complex procedures, the decline in rates of PHLF and, in particular, the reduction in the number of postoperative liver failure-related deaths in the overall cohort demonstrate that the proposed system provides a valid estimation of individual operative risk. Similarly, the increase in rates of portal vein embolization, the rise in the proportion of patients with cirrhosis eligible for surgery and the concomitant reduction in rates of PHLF further support improved patient management and optimized preoperative assessment.
In order to correct for the changes in surgical practice over the years, a propensity score-matched analysis was performed to more adequately estimate effects related to the full implementation of the LiMAx algorithm in clinical preoperative work-up by the year 2010. This demonstrated a reduction in postoperative liver failure-related death and PHLF, which suggests that the LiMAx algorithm is of benefit to patients considered for surgery.
A major strength of this study is that the present analysis is based on all consecutive and unselected patients submitted to partial hepatic resection of one or more segments in an attempt to overcome a potential selection bias. Charit e Universit€ atsmedizin Berlin represents one of 437 reference hospitals that continuously report a distinct set of data (e.g. diagnoses, procedures, case-related costs) to the German Institute for Remuneration in Hospitals [Institut f€ ur das Entgeltsystem im Krankenhaus (InEK)] in order to facilitate a yearly calculation of revenues of the German hospital system. Thus, the accuracy and validity of the underlying medical controlling data are assured. A downside of the use of such data is that only a distinct set of parameters routinely recorded by the controlling and strategy office in the perioperative work-up were suitable for analysis and distinct clinical parameters (e.g. operative blood loss, time of pedicle clamping) could not be determined in this study.
Several limitations of this analysis should be mentioned. Although the most significant improvements in operative technique were reported around the turn of the millennium, the potential impacts of any effects based on general improvements in surgical technique, anaesthetic care or intensive care nursing cannot be excluded. However, hepatectomy was performed following a common surgical approach (Appendix S1, online) and the vast majority of surgical procedures (70.8%) were performed by three experienced liver surgeons. Thus it would seem that any bias arising from the use of different surgical techniques is unlikely. It is the authors' opinion that the improved outcomes are likely to be associated with the integration of the LiMAx algorithm in routine work-up. Unfortunately, data on the number of patients to whom surgery was denied based on actual LiMAx data were not available. Hence, the current study provides only a low level of evidence for the diagnostic accuracy of LiMAx as a screening tool. Randomized controlled trials would be beneficial to more clearly study the implications for patient management of using a preoperative clinical decision tree, such as that proposed, but these are difficult to perform.
In conclusion, the integration of the LiMAx algorithm seems to have played an important role in optimizing risk assessment prior to hepatic surgery. 
